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E153SUI microphone 1: Yaw sweep Voo = 0 ft/s, § = 0°, RPM= 3,500 . . ... ... ..
E154 SUI microphone 1: V, sweep ¢p = 0°, § = -40°, RPM=2,800 . . .. ... ......
E155SUI microphone 1: V,, sweep ¢ = 0°, 6 = -40°, RPM=4,500 . . ... ........
E156 SUI microphone 1: V, sweep ¢» = 0°, § = 40°, RPM=2800 . ... ... ......
E157 SUI microphone 1: V,, sweep ¢ = 0°, 6§ = 40°, RPM=3,500 . ... ... ......
E158 SUI microphone 1: V, sweep ¢» = -90°, 6 = 0°, RPM=3,500 . . .. ... ......
E159SUI microphone 1: RPM sweep ¢ = -90°, Vo, = 20 ft/s, 6 =-10° . ... ... ...
E160SUI microphone 1: RPM sweep ¢ = 0°, Voo = 20 ft/s, 6 =-40° . . ... ... ...
E161 SUI microphone 1: RPM sweep ¢ = 0°, Voo = 60 ft/s, 6 =-20° . . ... ... ...
E162SUI microphone 1: RPM sweep ¢ = 0°, Voo = 20 ft/s, 6 =40° . . . ... ... ...
E163SUI microphone 1: RPM sweep ¢ = -90°, Voo = 20 ft/s, § = 10° . . . . . . ... ..
E164 SUI microphone 1: Negative pitch sweep 1 = -90°, Voo = 20 ft/s, RPM= 4,200
E165SUI microphone 1: Positive pitch sweep ¢ = 0°, Vo, = 20 ft/s, RPM= 4,200 C
E166 SUI microphone 1: Pitch sweep ¢ = 0°, Voo = 60 ft/s RPM= 4,500 . ... ... ..
E167SUI microphone 1: Positive pitch sweep ¢ = -90°, V., = 20 ft/s, RPM= 4,200
E168 SUT microphone 1: Negative pitch sweep 1) = 0°, Vo, = 20 ft/s RPM= 4,200
E169SUI microphone 1: Negative pitch sweep ¢ = 0°, Vo, = 20 ft/s, RPM= 2,800 . . . .
E170SUT microphone 1: Pitch sweep ¢ = -90°, Vo, = 20 ft/s, RPM=2,800 . .. ... ..
E171SUI microphone 1: Positive pitch sweep ¢ = 0°, Vo, = 20 ft/s, RPM= 2,800
E172SUI microphone 1: Pitch sweep ¢ = 0°, Voo = 60 ft/s, RPM=4,200 . ... ... ..
E173SUI microphone 1: Yaw sweep Voo = 20 ft/s, § = -10°, RPM= 2800 ... ... ..
E174SUI microphone 1: Vo, sweep ¢ = 0°, § = -10°, RPM; » = 3,200, RPM35 4 = 3,800
E175SUI microphone 1: Vi, sweep ¢ = 0°, § = -10°, RPM; 3 = 3,800, RPM> 4 = 3,200
E176 SUI microphone 1: Vi, sweep ¢ = 0°, 6 = 10°, RPM; 2 = 3,200, RPM3 4 = 3,800
E177SUI microphone 1: Vi, sweep ¢ = 0°, 6 = 10°, RPM; 3 = 3,800, RPM> 4 = 3,200 .
E178 SUI microphone 1: Negative pitch sweep ¢ = 0°, Voo = 20 ft/s, RPM; 3 = 3,800,
RPMs4 = 3,200 . . . . .
E179SUI microphone 1: Positive pitch sweep ¢ = 0°, Vo = 20 ft/s, RPM; 3 = 3,800,
RPMayg = 3200 . . . i
E180SUI microphone 1: Negative pitch sweep ¢ = 0°, Voo = 20 ft/s, RPM; > = 3,200
RPMsy =3800 . . o oo
E181SUI microphone 1: Negative pitch sweep ¢ = 0°, Voo = 40 ft/s, RPM; 3 = 3,800
RPMag = 3200 . . . oo
E182SUI microphone 1: Positive pitch sweep ¢ = 0°, Vo = 40 ft/s, RPM; 3 = 3,800,
RPMag = 3,200 . . . oo
E183 SUI microphone 1: Pitch sweep ¢ = -90°, Voo = 20 ft/s, RPM; 2 = 3,200, RPM3 4
Z3,800 1 e

sweep ¢ = 0°, 8 = -10°, RPM= 3,500
sweep 1 = 0°, 8 = -5°, RPM= 3,500 . . . ..
sweep ¢ = 0°, 0 = -2°, RPM= 3,500 . .. ..
sweep ¥ = 0°, 0 = 0°, RPM= 3,500 . .. ..
sweep ¢ = 0°, 0 = 2°, RPM= 3,500 ... ..
sweep ¢ = 0°, 8 = 10°, RPM= 3,500
sweep ¢ = 0°, 0 = 20°, RPM= 3,500
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E184 SUI microphone 1: Negative pitch sweep ¢ = -90°, Vo, = 20 ft/s, RPM; 3 = 3,800,

RPMag = 3,200 . . .ot 324
E185SUI microphone 1: Positive pitch sweep ¢ = 0°, Vo = 20 ft/s, RPM;» = 3,200,
RPMsy =3800 . . o oo 325
E186 SUI microphone 1: Negative pitch sweep ¢ = 0°, Voo = 40 ft/s, RPM; 2 = 3,200,
RPMs3,4 =3,800 . . . . .. . e 326
E187SUI microphone 1: Positive pitch sweep ¢ = 0°, Voo = 40 ft/s, RPM; 2 = 3,200,
RPMsy =3800 . . o oot 327
E188 SUI microphone 1: Positive pitch sweep ¢ = -90°, Vo = 20 ft/s, RPM; 3 = 3,800,
RPMsy = 3,200 . . . . .. 328
E189 SUI microphone 1: Yaw sweep Voo = 20 ft/s, 6 = 10°, RPM; 3 = 3,800, RPM 4 =
3,200 ..o e 329
E190SUI microphone 1: Yaw sweep Voo = 20 ft/s, 6 = -10°, RPM; 3 = 3,800, RPMj 4 =
3,200 ..o e 330
E191 SUI microphone 1: Yaw sweep Voo = 20 ft/s, 6 = -10°, RPM; o = 3,800, RPM3 4 =
3,200 ..o e 331
E192SUI microphone 1: Yaw sweep repeat Voo = 20 ft/s, § = 10°, RPM; 2 = 3,800,
RPMs4 =3200 . . . . . .. e 332

E193Phantom Bare Airframe microphone 1: RPM sweep ¢ = 0°, Voo = 0 ft/s, § = 0° . . 333
E194Phantom Bare Airframe microphone 1: V sweep ¢ = 0°, 8 = 0°, RPM; 234 = 5,000 334
E195Phantom Bare Airframe microphone 1: Pitch sweep ¢ = 0°, V, = 40 ft/s, RPM=

5,000 . . L 335
E196 Phantom microphone 1: Pitch sweep ¢ = 0°, Voo = 0 ft/s, RPM= 5300 . ... .. 336
E197 Phantom microphone 1: Vo, sweep ¥ = 0°, 8 = -40°, RPM=6,400 . . ... ... .. 337
E198 Phantom microphone 1: V, sweep ¢ = 0°, 8 = -40°, RPM=4,200 . . ... ... .. 338
E199 Phantom microphone 1: Vo, sweep ¥ = 0°, 0 = 0°, RPM=4200 . . ... ...... 339
E200 Phantom microphone 1: V., sweep ¢ = 0°, 0 = 0°, RPM=6,400 . .. ... ... .. 340
E201 Phantom microphone 1: RPM sweep ¢ = 0°, Voo = 20 ft/s, 6 = 0.11° . . . . . . .. 341
E202Phantom microphone 1: RPM sweep ¢ = 0°, Voo = 80 ft/s, 0 =0° . .. ... ... 342
E203 Phantom microphone 1: RPM sweep ¢ = 0°, Voo = 20 ft/s, § =-40° . . . ... .. 343
E204 Phantom microphone 1: Pitch sweep ¢ = 0°, Vo = 20 ft/s, RPM= 6,400 . . . . .. 344
E205Phantom microphone 1: Pitch sweep ¢ = 0°, Voo = 80 ft/s, RPM= 4,200 . . . . .. 345
E206 Phantom microphone 1: Pitch sweep ¢ = 0°, Vo = 80 ft/s, RPM= 5,300 . . . . . . 346
E207 Phantom microphone 1: Pitch sweep ¢ = 0°, Voo = 20 ft/s, RPM= 4,200 . . . . .. 347
E208 Phantom microphone 1: Vo sweep 9 = 0°, 8 = -40°, RPM; 2 = 4,200, RPM3 4 =

6,400 . . L 348
E209 Phantom microphone 1: Vo sweep 9 = 0°, 8 = -40°, RPM; 3 = 5,800, RPM> 4 =

4,800 .. e 349

E210Phantom microphone 1: V,, sweep ¢ = 0°, 0 = 0°, RPM; 2 = 4,200, RPM3 4 = 6,400 350
E211Phantom microphone 1: Vo sweep 9 = 0°, 0 = 0°, RPM; 3 = 5,800, RPM> 4 = 4,800 351
E212Phantom microphone 1: Pitch sweep ¢ = 0°, Voo = 20 ft /s, RPM; 2 = 4,800, RP M3 4

=5,800 . . .o 352
E213Phantom microphone 1: Pitch sweep ¢ = 0°, Voo =40 ft/s, RPM; 2 = 4,800, RPM3 4
=5,800 . . .o 353
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1 Summary

Unmanned Aerial Systems (UAS) are finding increased use in todays civil and military applications.
There are still very few acoustic measurements existing in today's UAS literature even with this
increased use. Five Multicopter Unmanned Aerial Systems (MUAS) models were tested in the
United States Army's 7- by 10-Foot Wind Tunnel at NASA Ames Research Center in the fall of
2015 over a wide variety of flight conditions. The acoustic trends are presented and discussed for
each model along with the testing facility limitations.

2 Introduction

Five Multicopter UAS models representing a range of designs were tested in the U.S. Army's 7- by
10-Foot Wind Tunnel in the fall of 2015. Acoustic hardware was set up to measure the noise level of
each test point. Fach model was tested in different operating conditions consisting of varying pitch,
yaw, wind speed, and rotor RPM. The purpose of the test was to better understand the acoustics
of the Multicopter UAS models in different flight conditions as well as to determine if meaningful
measurements could be acquired in the hard-wall tunnel. Objectives included identifying blade
pass frequency, observing changes in the frequency spectrum with operating condition, noise direc-
tionality, wind tunnel background noise, and how the number of rotors affected the measurements.
This paper explains how the acoustic data was processed. Results are presented and analyzed while
any trends among models are discussed.

3 Test Description

A description of the test objectives, hardware, facility, vehicles, instrumentation and data acquisi-
tion, and flight conditions are discussed.

3.1 Test Objectives

Objectives of the Multicopter UAS testing included the characterization of isolated rotor perfor-
mance, full vehicle performance, and acoustics of the aircraft [1]. The main objectives of the acoustic
testing were to develop an understanding of noise produced during various flight conditions. This
was accomplished by subjecting each model to varying wind speed, rotor RPM, pitch, and yaw.
Trends between runs and models were analyzed in order to gain insight into the acoustic signature
of various Multicopter UAS.

3.2 Test Hardware

The models were placed on a custom built sting stand mount in the U.S. Army's 7- by 10-Foot
Wind Tunnel. The test stand was created so that it could rotate to change the pitch and yaw
angles of the models. The forces were measured using typical aircraft body axes, with F, positive
downstream, F, positive up, and Fj, positive to the right. The models are mounted at a 90 degree
roll angle, so the Y- and Z- directions of the load cell do not align with a typical wind tunnel
coordinate system. Figure 1 shows the orientation of the X-,Y-, and Z-body axis. The center of
rotation shown in the figures is located at the center of the turntable 3.5 feet above the tunnel
floor. There were three microphones placed in the tunnel for all tests whose locations are noted in
Table 1. Figure 2 shows the location of the microphones relative to the center of rotation in the



U.S. Army's 7- by 10-Foot Wind Tunnel. Figures A11 through A15 in Appendix A show additional
views of the microphone set up relative to each model.

3.2.1 Testing Facility - Acoustic Limitations

The U.S. Army's 7- by 10-Foot Wind Tunnel is a closed-circuit wind tunnel with a 15 foot long
test-section, with a height and width of 7 and 10 feet, respectively. The side walls are made of
plexiglass, steel, and wood, while the floor and ceiling are made of plexiglass and steel. Limited
acoustic testing has been performed in the U.S. Army's 7- by 10-Foot Wind Tunnel due to the
non-anechoic environment.

Results presented should therefore be viewed with caution. The acquired data may contain
contamination due to reflections and standing waves, it is at the readers discretion to interpret the
data.

F|OWW

Figure 1: Close-up of DJI Phantom 3 mounted on sting stand showing body axis in the U.S.
Army's 7- by 10-Foot Wind Tunnel.
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Figure 2: Top view diagram of microphone locations in the U.S. Army's 7- by 10-Foot Wind
Tunnel.

Changing the pitch of the model changes its angle relative to the microphones in the plane
cutting horizontally through the test section. Yawing the model changes the angle relative to the
microphones in the plane passing through the four rotors. Pitch is rotated about the Y-axis, and
yaw is rotated about the Z-axis.

3.3 Test Vehicles

The five Multicopter UAS tested were the 3D Robotics SOLO Quadcopter Drone (SOLO) [2], DJI
Phantom 3 (Phantom)[3], 3D Robotics IRIS+ (IRIS) [4], Drone America x8 (DAx8) [5], and the
Straight Up Imaging Endurance (SUI) [6]. Table 2 and 3 summarizes the pertinent details of the
five aircraft. The five Multicopter UAS can be seen mounted in the U.S. Army's 7- by 10-Foot



Table 1: Geometric Center of vehicle and microphone locations with origin at the center of the
turntable 3.5 feet above the tunnel floor.

Object X (ft) | Y (f) | Z (ft)
3D Robotics SOLO (SOLO) | 0.23 0.00 0.85
DJI Phantom 3 (Phantom) | 0.07 | 0.00 | 0.82
3D Robotics Iris+ (IRIS) 0.12 0.00 0.75
Drone America x8 (DAxS) 0.00 0.00 0.94

Straight Up Imaging -0.12 0.00 0.75
Endurance (SUI)
Microphone 1 0.0 0.0 -5.0
Microphone 2 -3.7 0.0 -5.0
Microphone 3 0.0 0.0 5.0

Wind Tunnel in Figs. 3 a) through e). See Russell et al. [1] for detailed information.

Table 2: Multicopter test vehicle parameters (*rotor-to-rotor)

Make/Model Length (in)* | Width (in)* Rotor
diameter (in)

3DR SOLO 11.5 11.5 10.0
DJI Phantom 3 9.8 9.9 9.4
3DR Iris+ 10.4 16.1 9.6
Drone America x8 314 31.4 11.0
Straight Up Imaging 20.1 20.1 15.0

(SUI) Endurance




Table 3: Multicopter test vehicle parameters (contd.)

Make/Model No. of | Nominal flight | Nominal
rotors weight (1b) RPM
3DR SOLO 4 3.3 5,700
DJI Phantom 3 4 2.8 5,300
3DR Iris+ 